Purpose To evaluate the effect of complete intrastromal corneal ring implantations on patients with pellucid marginal degeneration (PMD). Design Prospective interventional case series Patients and Methods Thirty-three eyes with PMD were included into the study. After pocket creation with femtosecond laser (Femtec; 20/10 PerfectVision), MyoRing implantation was performed. Uncorrected and corrected distance visual acuity (UDVA, CDVA), subjective refraction, keratometry, central corneal thickness, corneal biomechanical profile (Ocular Response Analysis), and whole-eye wavefront aberrometry (iTrace) were evaluated preoperatively and also postoperatively, 1 month, 3 months, 6 months, and 1 year after the operation. Results One month after surgery, significant improvements were observed in UDVA (ANOVA; P = 0.02), mean keratometry, sphere (ANOVA; P o0.001), and cylinder (ANOVA; P = 0.04) with no significant changes afterwards. No significant change occurred in the corneal biomechanical profile. Primary coma and trefoil reduced after 1 year (ANOVA; P values were 0.02 and 0.06, respectively). Primary spherical aberration significantly increased according to the 1-year follow-up (ANOVA; Po0.001). No significant complication was observed. Conclusion MyoRing is considered as a treatment modality for spherocylindrical correction in patients with PMD, with an acceptable safety and efficacy profile.
Introduction
Pellucid marginal degeneration (PMD) is characterized by non-inflammatory corneal thinning being more prominent in the inferior part of cornea in a crescentic shape with protrusion above the area of thinning. This altered corneal shape leads to against-the-rule astigmatism and visual acuity deterioration. [1] [2] [3] [4] [5] [6] The etiology is unknown. 7 Different treatment modalities are utilized to manage the patients with PMD based on the severity of their disease, including spectacle, rigid gas permeable contact lens, intrastromal corneal ring segments (Intacs, KeraRing), and several other surgical techniques. 1, 8, 9 Intracorneal ring segment (ICRS) is considered an effective, safe, and reversible treatment modality in the vision rehabilitation of patients with corneal ectatic disorders. Inserting these implants in the mid-periphery of the cornea remodels corneal curvature and transforms a protruded thin cornea into a more regular shape. These changes lead to vision improvement and more stable refraction, and also reduce the higher order aberrations. The arc shortening effect of these segments is directly related to their thickness. 10, 11 Application of Intacs (Addition Technology) and KeraRing (Mediphacos, Belo Horizonte, Brazil) in PMD treatment is reported to be safe and effective. 1, 9 Safety and efficacy of newly proposed complete intrastromal ring (Myoring, DIOPTEX GmBH, Linz, Austria) have been proved in keratoconus cases. [12] [13] [14] There is no previous report of MyoRing implantation for patients with PMD. Despite the previously reported equal outcomes for ICRS, the newly proposed femtosecond laser seems to act more accurately in comparison with the manual techniques in pocket creation. [15] [16] [17] Clinical results of MyoRing implantation in a group of patients with PMD are reported here.
Patients and methods
The current prospective, interventional case series was conducted in Farabi Eye Hospital. One surgeon (MJ) went through all procedures. Informed consent was obtained from all patients, after presenting other treatment options. Institutional ethical review board approval was obtained for the procedures, and the tenets of the Helsinki Declaration were followed. Patients with PMD were included in this study. The diagnosis was made according to slit-lamp examination (ectasia above the area of maximum thinning in the inferior cornea), corneal topography ('butterfly' keratometry pattern, very steep peripheral inferior cornea, and high keratometric powers radiating from the center to the inferior oblique meridians), and refractive findings (against-the-rule astigmatism with loss of corrected distance visual acuity (CDVA)). 18 Procedure safety was defined as the percentage of eyes having lost more than 2 lines of Snellen CDVA. 8 The safety index was calculated by dividing the mean postoperative CDVA by the mean preoperative CDVA. 8, 9 Efficacy of a refractive procedure was defined as the percentage of operated eyes achieving 20/40 UDVA or more. 9 The efficacy index was calculated by dividing the mean postoperative UDVA by the mean preoperative CDVA. And, stability index was the percentage of eyes with less than 1 D change in spherical equivalent between the first to twelfth postoperative months. 9 In our practice, we considered some contra-indications for MyoRing implantation including glasses tolerance with CDVA of higher than 20/30, contact lens tolerance, central corneal opacity, mesopic pupil diameter of above 5 mm (according to Orbscan report in mesopic conditions), other ocular pathologies (eg, cataract, glaucoma, and diabetic retinopathy), plano or hyperopic spherical equivalent, history of herpes keratitis, systemic connective tissue disease, pregnancy, and minimum corneal thickness 360 μm or less. In addition, we excluded patients with previous ocular surgery from this study.
Patients' visual acuity was evaluated by Snellen chart and converted to logMAR to be analyzed. All patients were examined preoperatively and also within 1 month, 3 months, 6 months, and 1 year after the surgery. During each visit, complete ocular examination was performed, consisting of UDVA and CDVA evaluation, refraction, slit lamp biomicroscopy, Goldman applanation tonometry, and fundoscopy. Ultrasonic pachymetry (SP3000; Tomey, Nagoya, Japan), Pentacam corneal imaging (Oculus Optikgeräte GmbH, Wetzlar, Germany), Ocular Response Analysis (ORA; Reichert, Buffalo, NY, USA), and wholeeye aberrometry (Tracey Technologies, Houston, TX, USA) were also carried out in all visits.
Surgery method
A stromal pocket was produced by femtosecond laser (Femtec; 20/10 PerfectVision; GmbH, Heidelberg, Germany) in all cases. This solid-body pulsed Nd:glass laser has a repetition rate of 40 kHz, and a wavelength of 1059 nm with a pulse duration of 600-800 fs. For this procedure, energy level of 1.05 μJ, spot size of 5 μm, spot spacing of 3 μm, and line spacing of 5 μm were chosen. The provided contact lens is concave and curved with a 10.5-mm radius of curvature. First, the pupil center was marked with a Sinskey hook before applanation. This mark was used as a reference point to locate the incision and to center the MyoRing after implantation. A temporal corneal incision of 70 degrees of arc length was made, and afterwards an intrastromal pocket of 9 mm in diameter and 300 μm in depth was created. Once the pocket was created, the MyoRing (DIOPTEX GmBH) was inserted into the pocket (Figure 1a ). We used our adapted nomogram to calculate the MyoRing size ( Table 1 ). The surgery was performed under topical anesthesia. Subsequently, the bandage contact lens with no sutures was applied. Topical Chloramphenicol drops were administered every 6 h for 1 week and topical lubricant and Betamethasone were used for 1 month.
Vector analysis
The astigmatic correction effect and accuracy was calculated using Alpins vector analysis method. 19 Postoperative refractive astigmatism was compared with preoperative astigmatism. As emmetropia was the goal in all patients, target point of astigmatism was zero. Magnitude (diopters) and axis (degrees) of astigmatism were transformed into rectangular x and y coordinates to calculate the following variables and vectors. The surgically induced astigmatism (SIA), target-induced astigmatism (TIA), difference vector and its angle, index of success (IOS), correction index, flattening effect, and flattening index were calculated.
IOS is a measure of success based on the goal for astigmatic correction. Zero value is desirable and indicates that the astigmatism is fully corrected (zero astigmatism). The value can be between 0 and 1, for example, an index of 0.5 indicates 50% success in astigmatic correction. If it equals 1, then surgery has changed the astigmatism to a point being equally far away from the target point as the preoperative value. Values higher than 1.0 indicate worse results than preoperative astigmatism. The TIA is a vector representing the desired change (by magnitude and axis) the operation was intended to induce. The SIA is the vector of actual change induced by the surgery. The difference vector (DV) is the treatment vector needed to achieve the target goal after the initial surgery. This is also a measure of success, which preferably equals zero. The correction index was calculated by dividing SIA to TIA. The correction index is preferably 1.0. This index would be higher than 1.0 in case of overcorrection and lower than 1.0 if undercorrection occurs. The angle of error is the angle between the SIA and TIA vectors. The angle of error is positive if the achieved correction is counterclockwise to the intended astigmatism axis and negative if the achieved correction is clockwise to the intended axis. The flattening effect is the reduction in astigmatism value induced by the proportion of SIA, which is effective at the intended meridian (flattening effect = SIA cos2 × angle of error). The flattening index is obtained by dividing the flattening effect by the TIA, which preferably equals 1.
Statistical analysis
The Table 2 . UDVA improvement was significant 1 month after the surgery (P = 0.02). However, no statistically significant further improvement was found in any postoperative time point (P values o0.05). Contrariwise, CDVA did not change significantly after the operation (P = 0.6). It did not change significantly even after the 12-month follow-up period. (P = 0.06) The reduction in spherical and cylindrical parts of refraction was significant 1 month (Po0.001 and P = 0.04, respectively) after the surgery without any additional reduction afterwards. (Figures 1b-e) A significant reduction in mean keratometry was observed 1 month after the surgery (Po0.001, Figure 1f ). However, there was no further change afterwards during the 1-year post-operative period (P = 0.95). Central corneal thickness did not change significantly in any time point after the operation. Corneal biomechanical profile (corneal resistance factor and corneal hysteresis ) had no Table 2 summarizes aberrometric outcomes of the patients after MyoRing implantation. The most significantly reduced value was primary coma. It reduced significantly 1 month after surgery (P = 0.03). The reduction in coma value continued during the postoperative visits. Although total higher order aberrations did not change significantly within 1 year after the surgery compared with the preoperative values, whereas it significantly reduced through the follow-up visits. Spherical aberrations significantly increased 1 month after the operation (Po0.001) and trefoil reduced 1 year after the operation with a nearly significant P value (0.08).
According to the proposed definition for safety, 8, 9 this procedure was 100% safe because none of the patients lost more than two lines of Snellen CDVA. The safety index (mean postoperative CDVA/ mean preoperative CDVA) was 1.51 after 1 year, indicating 51% increase in visual acuity (visual acuities changed to Snellen in order to calculate ratios). Efficacy (percentage of eyes achieving a UDVA of 20/40 or more) of the procedure was 15%. The efficacy index (mean postoperative UDVA/mean preoperative CDVA) was 1.14 in the first year, proposing that after 1 year, MyoRing alone could achieve 114% of the baseline BSCVA. Stability (percentage of eyes with less than 1 D change in spherical equivalent from the first month to the last in 1 year) of the study was 94% (31 eyes).
No significant complication occurred during the operation and the follow-up period. Twenty-three patients (67%) had fine corneal haziness around the implanted ring out of visual axis. One of the patients had annoying glare and was planned to have ring explantation but the patient refused to undergo the procedure. Table 3 shows the results of Alpins vector analysis based on 1-year postoperative refractive astigmatism. SIA was significantly different from the TIA (P = 0.04). The DV and the IOS were not significantly different from zero (one sample T test; P = 0.16 and 0.19, respectively). On the other hand, correction index and flattening index were not significantly different from one (one sample T test; P = 0.82 and 0.3, respectively) ( Table 3) .
Vector analysis of refractive astigmatism

Discussion
Wedge resection along with penetrating and lamellar keratoplasty has long been available surgical options in the management of PMD. The high rate of complications in these invasive procedures, along with irreversibility and unpredictability of the results were motivations to find new surgical options including ICRS. 7, [20] [21] [22] [23] On the other hand, fitting contact lens is more difficult in PMD compared with keratoconus. 9 ICRS implantation, as a minimally invasive and reversible method, is associated with faster visual rehabilitation compared with the former more invasive surgical options. 7 There are reports on good safety and effectiveness profile of Intacs and KeraRing in patients with PMD. 1, 7, 9 Newly proposed continuous intrastromal ring (MyoRing) has been proved to be a safe and effective procedure for keratoconus even in advanced cases. [12] [13] [14] 18, 24 Table 4 compares the results of the current study with the previous reports on ICRS implantation in PMD. Intacs segments (Addition Technologies, CA, USA) consist of two semicircular polymethyl methacrylate segments, and each have 150°arch length with a hexagonal transverse shape. External and internal diameters of each segment are 8.10 and 6.77 mm, respectively, with variable thicknesses. The Ferrara ring segments (Mediphacos), are made of polymethyl methacrylate with a triangular crosssection to induce a prismatic effect and to reduce aberrations. KeraRings are similar to Ferrara rings, but with a wider range of available thickness and arch length. Internal and external diameters are 4.40 and 5.60 mm, respectively. 10 In the present report, implantation of MyoRing was associated with significant improvement of UDVA, and a non-significant improvement in CDVA after 1 month. Improvement in UDVA (0.49 LogMAR) is higher than the previous reports on Intacs (0.17 LogMAR 18 and 0.35 LogMAR 9 ) and lower than the study conducted by Kubaloglu et al 1 on KeraRing (1.05 LogMAR). On the other hand, CDVA improvement in our report is comparable with the previous reports on Intacs 9, 18 and lower than the report on KeraRing. 1 During the 1-year follow-up period, a non-significant improvement in both UDVA and CDVA was observed. Although the change during the follow-up period was not significant, it may be an indicator of a long-term corneal remodeling process. The change in the spherical part of refraction and keratometric values in this study was much higher than previous results of Intacs or KeraRing. 1, 9, 18 More favorable outcome of KeraRing compared with Intacs 9,23 in the study of Kubaloglu et al 1 was probably due to extended arc length; resulting in higher arc-shortening effect, which acts like MyoRing. It can be concluded that full ring implantation has a higher arc-shortening effect compared with ring segments. 23 This may show that MyoRing could be used in more advanced cases with higher myopia.
The improvement of UDVA was more significant compared with CDVA in this study and the reduction in keratometry and spherical part of the refraction was much higher than the previous reports of ICRS. 1, 9, 18 This may be associated with the fact that MyoRing is much more effective in flattening the cornea than in reducing the aberrations.
The reduction in keratometry and the spherical part of refraction was significant within the first month after the operation. Also, there was no significant alteration after that. This finding together with the satisfactory stability index (of 94%) suggests the stability of the findings and probably retardation of the progressive nature of PMD after MyoRing implantation. Yet this theory needs to be assessed via long-term studies. A previous report on Intacs in keratoconus 25 revealed a significant increase in the K-values 6 months after Intacs implantation. This is explained by the failure of Intacs to permanently flatten the cornea (its effect is overcome by the progression of keratoconus). The stability of the parameters in our study may be due to the difference between MyoRing and Intacs, low sample size and short follow-up period.
Mean value of cylindrical correction after 12 months was 2.71 D. This is due to central corneal flattening effect of MyoRing. 23 The amount of reduction in cylindrical part of refraction is comparable with previous results of ICRS, except for the study by Mularoni, 7 which shows a more significant reduction using asymmetric ICRS.
The corneal biomechanical profile (corneal hysteresis and corneal resistance factor) did not change significantly by the MyoRing implants. Insignificant increases of these parameters were also observed in the prior studies. 24, 26, 27 This was probably because of the inferior location of thinning in PMD, which is not measured by conventional ORA. On the other hand, corneal hysteresis and corneal resistance factor may not be reliable enough to measure subtle changes. Use of the newly developed curve analysis software in ORA may be more helpful for the detection of these changes and should be addressed in future studies.
Central corneal thickness increased non-significantly after the surgery. The increase can be justified by redistribution of the stromal tissue after ring implantation. Similarly, Alio et al 18 reported an increase in central corneal thickness in keratoconic patients after MyoRing implantation.
In PMD, coma aberration increases as the disease progresses. 28 In the present study, coma and trefoil decreased in the final follow-up compared with the preoperative values. Pinero et al 18 showed similar findings after ICRS implantation. These findings are due to regularizing effect of the ring on the corneal curvature. The spherical aberration increased significantly in the present study, which can be attributed to the central flattening effect of the MyoRing, opposed to the ICRS results 23 (insignificant reduction). This different result is most probably due to the greater flattening effect of MyoRing compared with ICRS. On the other hand, higher order aberrations did not decrease after the operation, which may be due to high increase of spherical aberrations despite the decrease in other aberrations.
To evaluate the astigmatic correcting effect of MyoRing, vector analysis of astigmatism was performed. As the amount and axis of SIA varied significantly, it was difficult to find a meaningful relationship between ring properties and astigmatism correction of our series. In calculating average in axis changes of vectors, we should consider the limitation of this value, because vectors of opposing or partly opposing directions cancel each other out in different amounts.
Vector analysis helped to determine astigmatism correction effectiveness. TIA, SIA, and DV are the three basic vectors in Alpins vector analysis. 19 Other different parameters are calculated based on these 3 vectors and are used to determine: overcorrection or undercorrection of astigmatism (correction index), overall astigmatic correction success (IOS, flattening index), treatment misalignment (Angle of Difference vector), and residual astigmatism (flattening effect). 29 Following MyoRing implantation, the DV and the IOS were not significantly different from zero and correction index and flattening index were not significantly different from one, indicating that on average, no significant overor undercorrection of astigmatism had occurred. On the other hand, the correction index was less than 1.0, indicating an overall undercorrection after MyoRing implantation. The IOS in this study was 0.19 indicating that about 81% of the astigmatic correction goal has been met.
In conclusion, a vector analysis of the refractive astigmatism changes showed that MyoRing provided a fairly effective astigmatism reduction.
We placed the arcuate incision site temporally to reduce against the rule astigmatism caused by PMD.
The limitations of this study were the unavailability of control group and limited number of cases.
In the present study, lack of serious complications in this study and high level of safety and acceptable stability and affectivity profile suggest that MyoRing is an acceptable treatment option for PMD. There are some advantages mentioned for femtosecond laser, including minimal edema of corneal stroma, lack of serious complications during the surgery, and more accurate pocket creation. [15] [16] [17] Nevertheless, comparison of these two techniques needs a larger randomized controlled trial that was not possible in our study.
Summary
What was known before K Different treatment modalities are utilized for the management of patients with PMD.
K MyoRing is considered an effective, safe, and reversible treatment modality in the vision rehabilitation of patients with corneal ectatic disorders.
What this study adds K MyoRing may be considered as a treatment modality for spherocylindrical correction in patients with PMD, with an acceptable safety and effectiveness profile.
